Abstract-As a result of an analysis of scientific and technical literature and practical data, it is found that changing the casting parameters for ingots using different designs of crystallizers makes it possible to vary the degree of refinement of the grain structure of ingots in a sufficiently wide range, which should be reflected in the conditions of extrusion of aluminum alloy profiles and their physicomechanical characteristics. Therefore, the purpose of this research is to assess the influence of the degree of grinding for the ingot grain structure of alloy 6063 on the deformation and speed parameters of extrusion and the mechanical properties of profiles. Several parties of 178-mm diameter ingots of 6063 alloy cast under industrial conditions, as well as profiles formed by direct extrusion using a horizontal hydraulic press with a force of 18 MN subjected to quenching and aging, are used. The grain size in homogenized ingots is evaluated by optical microscopy using an Olimpus optical microscope, and tests of mechanical properties are performed using an Inspect 20 kN-1 universal testing machine. It is established that the initial grain size in the ingot structure strongly affects both the ingot plasticity during extrusion and final structure and mechanical properties of profiled products made of aluminum alloys. When analyzing these results, it is possible to conclude that an increase in strength characteristics of extruded products made of ingots with a more refined structure is due to the fact that a fine grain is retained in the metal structure after its deformation, while the cast metal plasticity rises with an increase in the degree of grinding the grain structure in the ingot. In connection with this fact, an increase in the efficiency of quenching the profiled products and metal outflow rate during the extrusion take place.
INTRODUCTION
In recent decades, many companies around the world are actively developing new efficient methods of formation of cast billets of aluminum alloys. Short crystallizers for casting cylindrical ingots have found application among innovative technical solutions in the foundry production of many shops. Their design foresees either the installation of graphite rings with pulsed lubrication or the development of a controlled gas-oil blanket separating the aluminum melt from the graphite crystallizer wall [1, 2] . In both cases, melt cooling in the radial direction due to the contact with the crystallizer surface is reduced to a minimum. The heat removal from the crystallization zone is performed largely in the axial direction due to the direct contact of the solidifying ingot surface with the water flow outgoing from orifices arranged in the bottom crystallizer part. Herewith, the cooling rate during the melt crystallization considerably increases. Along with the improvement of the surface quality and ingot structure, this makes it possible to attain a higher casting rate and, correspondingly, increase the process productivity.
Designs of short crystallizers with graphite rings have become most widespread both abroad and at domestic shops in the production of ingots of group 6XXX alloys. The variation in their casting parameters when applying these designs of crystallizers (along with the control of the consumption of the Al-Ti-B modifying master alloy) extended the possibilities to refine the grain structure of ingots in a rather wide range, which should be inevitably reflected on extrusion conditions of aluminum alloy profiles and their physicomechanical characteristics. In the classical understanding of the theory of the pressure treatment of metals, a decrease in the grain size in the initial billet promotes an increase in the alloy manufacturability [3, 4] and formation of highquality semifinished products. However, these questions are not always considered unambiguously in known publications [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
PRESSURE TREATMENT OF METALS
For example, the authors of [5] note that, during hot tensile forming of aluminum with an initial grain size of 50 μm, the deformation is performed preferentially by the intragrain sliding without substantial grain migration, and no rise in the grain size is observed. At the same time, the authors of [6] established the fact of an increase in the grain-boundary spacings in alloy 6061 ingots with a decrease in the grain size from a regular size of 250 to 50 μm and worsening of mechanical properties in pressed products because of the development of the collective recrystallization.
In connection with this fact, the topicality of refining grain-size grinding in ingots starting from the chemical alloy composition and parameters of the assumed deformation treatment of ingots during the production of a concrete nomenclature of semifinished products made of them becomes obvious.
Our work was targeted to the comparative evaluation of the influence of the degree of grinding the grain structure of alloy 6063 ingots (the most widespread group 6XXX alloy) in range d = 150-70 μm (which is equivalent to a range from 4000 to 20000 grains per 1 cm 2 of the ingot section) on their plastic characteristics, deformation-speed pressing parameters, and mechanical properties of profiles. The selection of a range of values of d is caused by the fact that the data on the deformation of ingots with the grain size from 200 μm and larger, as well as of ingots with a very strongly grinded structure (d < 10-20 μm), are usually presented in the scientific-and-technical publications.
EXPERIMENTAL
We used several parties of ingots 178 mm in diameter of the 6063 alloy fabricated at domestic enterprises for investigations. The chemical composition of the samples selected for out work is presented in Table 1 .
Casting of alloy 6063 ingots was performed in industrial conditions using short crystallizers with built-in graphitic rings. Homogenization annealing of the samples was performed in passage homogenization furnaces at 570-580°C for 2-4. The grain size in homogenized ingots was performed by optical and electron microscopy using an Olimpus optical microscope. Plastic characteristics of ingots were determined by the sample tension at room temperature.
Ingots were pressed by a direct method using a horizontal hydraulic press with a force of 18 MN with quenching profiles on a press table by an air flow. Profiles were aged at 180°C for 5 h. Then mechanical properties were tested using an Inspect 20 kH-1 universal testing machine.
RESULTS AND DISCUSSION
To perform investigations, we formed two parties of ingots with grinding the grain structure in range d = 100-120 μm (group 1) and 70-90 μm (group 2). To cast the first group samples, we used crystallizers with a solid lubricant deposited on a surface of graphite rings before the beginning of casting. Second-group ingots were formed by casting of alloy 6063 into crystallizers providing the formation of a gas-oil blanket between the melt and graphite ring. A typical microstructure of formed parties of alloy 6063 ingots is presented in Fig. 1 .
Our data show that the rain structure of the samples is inhomogeneous over the section in all cases. The grain size at the periphery of ingots of both groups varies in a range of 55-85 μm. The magnitude of d = 115-155 μm at a distance of half-radius from the center for the samples of the first group and 80-110 μm for the samples of the second group. However, average grain sizes over the section are d ~ 100-120 μm for the first party and 70-90 μm for the second party.
When studying the structure of homogenized alloy 6063 ingots, the size of the Fe-containing α-phase, the degree of transformation of the β(Al 5 FeSi) needle phase into spheroidized α(Al 8 Fe 2 Si) phase, and the sphericity coefficient of Fe-containing phases after homogenization (FC) were accepted as the main characteristics affecting their plastic properties [18] . Struc- tural parameters of the ingots of experimental parties are presented in Table 2 .
It is seen from these data that the structural characteristics of the groups under study are somewhat different from one another. For example, the spread range of the sizes of the α(Al 8 Fe 2 Si) phase in second group of samples is somewhat smaller than in the first group. This is probably associated with a higher melt cooling rate during the crystallization of second-group ingots in crystallizers with a gas-oil blanket. Finally, the size of the β(Al 5 FeSi) platelet phase in the cast sample structure should be smaller when compared with the structure of first group of ingots. Consequently, the smaller size of the α(Al 8 Fe 2 Si) phase and the increased amount of its more rounded shape is observed in the structure of homogenized ingots.
It is evident that the summary extension of the grain-boundary surface increases proportionally to a decrease in the grain size. Therefore, the volume of grinded Fe-containing phases in the second group of ingots at a constant iron impurity content in the alloy is distributed over the larger surface, and their influence on the embrittlement of boundaries, correspondingly, should decrease.
To qualitatively evaluate the influence of structural parameters (in terms of two ingot groups under study) on the ingot plasticity, we compared the data on mechanical properties found during room-temperature tensile tests allowing for the force applied to the samples (F) during their elongation (h).
Constructed plots of the dependence of the strength properties of ingot metal for various levels of grinding their grain structure are presented in Fig. 2 . It is seen that the ingot with a finer grain has better plastic characteristics, which is evidenced by the increase in the sample length up to its fracture instant by ~22%, which is associated with higher transformation coefficient of phases β → α and degree of spheroidization.
The increased force necessary to deform the samples fabricated from ingots of the second group can be explained by the larger extension of grain boundaries due to their grinding; according to the Petch-Hall law, this leads to an increase in the material strength.
The data on plasticity of the samples fabricated from ingots of the second group found from tensile tests are confirmed by the actual data on admissible pressing speed fixed for the extrusion of ingots using a (а) 500 μm (b) 500 μm horizontal hydraulic press with a force of 18 MN (Fig. 3 ). Values fixed with the appearance of defects such as guide scratches on the profile surface are accepted as limitedly admissible pressing speeds for ingots of both groups.
It is clearly seen from Fig. 3 that the more grinded structure of alloy 6063 (party 2) makes it possible to perform its deformation with higher (26% on average) pressing speeds, which confirms an increased plasticity of this group ingots when compared with the first group, where the samples have coarser structural components. Herewith, the outflow rates attained during pressing profiles with elongation ratio μ > 120 are not limiting for the material structural state under study. This is associated with the fact that the constructive fulfillment of the output line of a press used when performing this work did not allow us to perform extrusion with an outflow rate higher than 35 m/min and attain the maximal of the head equipment.
The results of the metallographic analysis of the grain structure of profiles formed from ingots of both groups are presented in Table 3 . These data show the conservation of the hereditary influence of the influence ingot structure in all ranges of the elongation ratio under study. The finer grain is conserved in the structure of metal of the second group after its deformation when compared with profiles pressed from ingots of the first group. Herewith, an increase in the fraction of the coarse-crystalline ferrule (CCF) is observed in their structure with an increase in the elongation ratio during pressing profiles, which is associated with the development of the collective recrystallization [19, 20] . The intensity of this process for the profile products increases with the passage from small elongation ratios to large ones.
However, the total grain size and CCF fraction are somewhat lower for profiles formed from ingots of the second group, which presumably should provide higher mechanical properties when compared with semifinished products of ingots of the first group.
To confirm this fact, we investigated the mechanical properties of profiles formed in various elongation ranges from ingots with various grain-structure grindings. Herewith, in order to follow the regularities, the sampling volume of ingots was increased when compared with the initial work stage due to the results of investigations into additional parties with the intermediate grain size (Fig. 4) . Our results of mechanical tensile tests confirmed the assumption that the initial billet structure affects not only their behavior during deformation, but also the final properties of semifinished products formed of them. It is established that, at elongation ratios during pressing of 60 and 90, the ultimate strength of alloy 6063 profiles increases by 20-25 MPa with a decrease in the ingot grain size from 125 to 75 μm.
CONCLUSIONS
Our results allow us to conclude that the variation in casting conditions of alloy 6063 ingots, grain size in the structure of cast billets in a range of 120-70 μm, and accompanying variations in sizes and morphology of Fe-containing phases affect both the behavior of these billets during pressing and the quality of semifinished products, notably, (i) cast metal plasticity increases with a decrease in the ingot grain size, promoting the attainment of higher limitedly admissible outflow rates during pressing profiles;
(ii) the hereditary influence of the grinded ingot structure is conserved in final products, increasing the strength properties of profiles with a decrease in the grain size in a billet in the studied range by 20-25 MPa.
Thus, the use of deformed semifinished products made of alloy 6063 with various degrees of grain grinding in industrial production can not only substantially affect the productivity of the head equipment, but also rather strongly affect the state of the structure; mechanical; and, possibly, operational properties of the final products. In connection with this fact, it seems reasonable to perform more detailed investigations on the refinement of rheological characteristics for billets of alloy 6XXX group fabricated with the application of modern systems of casting, parameters of their thermomechanical treatment, and the final properties of formed semifinished products. 
